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Fig. S1. Fabrication process of the slider and the stator of the FTENG. Steps (i-vi) are
compatible to the commercial FPCB fabrication process.
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Dimension of FTENG
Stator Length (mm) Slider Length (mm)

W1 37.8 w2 436

L1 59.8 L2 418

d1 1.8 d2 1.8

g1 0.2 g2 2.2

h1 1.8 h2 1.8

Fig. S2. Structure and parameters of the FPCB-based FTENG with an interdigital stator and
a grating slider.
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Fig. S3. Theoretical model and transferred charge density studies of FTENGs. (A) The

theoretical model of FTENG. (B—F) The simulated transferred charge densities at different sliding
displacements of 5 FTENGs with varied inter-electrode distances.
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Fig. S4. Potential distribution across the interdigital electrodes of the FTENG under open-
circuit condition. (A—C) The potential distributions at initial state (A), intermediate state (B), and
final state (C), respectively, as simulated by COMSOL.
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Fig. S5. Model and theoretical analysis of the FTENG. (A and B) Schematic illustration of
FTENG under open-circuit condition (A) and short-circuit condition (B).
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Fig. S6. Output performance of the FTENG. (A) Waveforms of output voltages of an FTENG
under a working frequency of 0.5 Hz. (B) Cycling stability of output performance of a FTENG
after 20,000 cycles under a working frequency of 2 Hz.



Fig. S7. Morphologies of different triboelectric materials before durability test. (A—-C)
Scanning electron microscopy (SEM) images of conventional micro-pyramid PDMS (M-PDMS)
(A), wrinkled PDMS (W-PDMS) (B) and PTFE (C), respectively. Scale bars, 50 ym, 5 um, and
50 pm, respectively.
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Fig. S8. Force-influenced performance of the FTENG. (A-D) The peak open-circuit voltage of
the FTENG under different normal forces at a fixed working frequency of 1 Hz (A and B) and at
varied working frequencies (C and D). The normal force acting on the FTENG was kept at 30 N
for C and D. Error bars represent the standard deviations of the peak voltages measured from 10
working cycles.
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Fig. S9. Mechanical stability of the FTENG. (A) The normalized peak open-circuit voltage of
an FTENG after hundreds of bending cycles at a working frequency of 1 Hz. (B and C) The output
performance of an FTENG at initial state (B) and after 1,000 bending cycles (C) during the test.
Error bar represents the standard deviations of the normalized peak voltages measured from 10

working cycles.
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Fig. S10. Dependence of FTENG output on temperature. (A and B) Peak open-circuit voltage
(A) and peak short-circuit current (B) of FTENG under different temperatures at a working

frequency of 1 Hz. Error bars represent the standard deviations of the peak amplitudes measured
from 10 working cycles.



320

Initial state |, 20thwash |, 40thwash |, 60thwash | 80thwash , 100th wash
1 1
1601 | |
< | |
S o : :
© 1 1
5 | |
= ! !
160+ ! !
1 1
1 1
1 1
320 : :
0 10 15

Time (s)

Fig. S11. Washing durability of the FTENG with 100 washing cycles at a working frequency
of 1 Hz.
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Fig. S12. Output performance of the FTENG with different panels. (A) Transferred charges
of an FTENG with different panels during sliding process at a frequency of 3.3 Hz. (B) Charging

curves of different capacitors charged to 2 V with a 3-panel FTENG through a rectifier at a working
frequency of 2 Hz.



20 YF capacitor

40 80 120
Time (s)

242 pF capacitor

Voltage (V)
> &

o
3

o
o

o

200 " 400 600
Time (s)
Fig. S13. Charging stability of the FTENG on different capacitors. (A and B) Charging curves

of'a 3-panel FTENG in charging a 20 puF (A) and 242 pF (B) capacitor under a working frequency
of 1.5 Hz.
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Fig. S14. Fabrication process of the microfluidic sensor patch. (A) Patterning of Au/Cr
electrodes using photolithography, electron-beam evaporation and lift-off process on a PET
substrate. (B) Patterning insulating layer via Parylene C deposition, photolithography and oxygen
plasma etching. (C) Modifying working electrode and reference electrode through
electrodeposition and drop casting. (D) Patterning laser-patterned medical tape. (E) Patterning the
microfluidic channels in the PDMS layer. (F) Assembling medical tape with fluid inlets to form
the microfluidic sensor patch.
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Fig. S15. Selectivity study of the biosensor array. (A and B) Selectivity study of a pH sensor
(A) and a Na* sensor (B) against other major electrolytes in human sweat. Data recording was
paused while changing solutions with 30 s waiting period.
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Fig. S16. Repeatability and reproducibility of the biosensor array. (A and B) Repeatability of
a pH sensor in Mcilvaine’s Buffer solutions (A) and a Na* sensor in NaCl solutions (B). (C and
D) Reproducibility of pH sensors (C) and Na* sensors (D) (n=6).
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Fig. S17. Stability of the biosensor array. (A) Response stability of a pH sensor and a Na* sensor

in a 100 mM NaCl solution for 3 h. (B and C) Long-term stability of pH sensors (B) and Na*
sensors (C) after 6 weeks of storage. Error bars represent the standard deviation from 6 sensors.
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Fig. S18. Dependence of biosensor array on temperature.
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Fig. S19. Schematic of microfluidic design. (A) Optical image of a microfluidic sweat sensor
patch. Scale bar, 5 mm. (B) Sweat flow in laser-engraved microfluidic channels. (C) Cross-section
view of layout and operation of microfluidic sweat sensor patch. M-tape, medical tape. Photo
credit: Yu Song, California Institute of Technology.




List of components

Components

Value and series number

Description

BR2
c1
C2
C3
C4
C5
Cé
c7
Cc8
L1
IC1
IC2
IC3

PSOC
S1
R1
R2
R3
R4

MB10S-13
0.1 pF
220 uF
22 yF
10 uF
1uF
1uF
0.1 uF
0.1 pF
BKP0603HS121-T
S6AE101A
AD8235ACBZ
AD8235ACBZ
CYBLE-022001-00
TPS7A0522PDBVT
5.6 MQ
4.3 MQ
7.5MQ
10Q

Bridge Rectifier
0201 Capacitor
1206 Capacitor
1206 Capacitor
0402 Capacitor
0201 Capacitor
0201 Capacitor
0201 Capacitor
0201 Capacitor
0201 Ferrite Bead
Energy Harvesting PMIC
Instrumentation Amplifier
Instrumentation Amplifier
EZ-BLE Module
LDO Regulator
0201 Resistor
0201 Resistor
0201 Resistor
0201 Resistor

Fig. S20. Schematic and list of components of the flexible circuitry.
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Fig. S21. Circuit diagram of power management, sensor interface, and BLE PSoC modules.



3.8

32
()
j=2]
8
S26
20
0 200 400 600 800 1000
Time (s)
B 3.8
After 1 month
32
()
D
s
So6
20
0 200 400 600 800 1000
Time (s)

Fig. S22. Long-term stability of FWS3. (A and B) Charging curves of the capacitor when an
FWS? operates under a working frequency of 1.5 Hz before (A) and after 1 month (B).
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Fig. S23. Schematic and optical images of an FTENG worn on body. (A and B) Schematic,
cross-section view and real photos of FTENG slider (A) and FTENG stator (B) worn on body.
Scale bars, 5 cm. Photo credit: Yu Song, California Institute of Technology.
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Fig. S24. Real-time potential of the circuitry capacitor charged by an FTENG. (A and B) The
circuitry capacitor charged by an FTENG at different positions (A) and different contact modes
(B) during a regular running of a healthy subject.
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Fig. S25. Real-time sweat pH and Na* level wirelessly obtained from an FWS? during
different physical exercises. In this experiment, the FWS? system was charged by a battery
instead to collect continuous data points for better noise characterization.



Note S1. Model and theoretical analysis of the FTENG under open-circuit condition

Typically, this freestanding triboelectric nanogenerator is composed of a slider, an interdigital
stator and a dielectric film, where a copper slider attached on the PTFE-laminated electrodes. Due
to the different ability to gain electrons, there will be positive charges on the slider (copper) and
negative charges on the surface of PTFE dielectric film according to the triboelectric series.

In the open-circuit condition (fig. S5A), electrons cannot transfer between two interdigital
electrodes. The open-circuit voltage is defined as the electric potential difference, that is Voc=Ua-
Us. On the basis of the assumption that the thickness of the PTFE is far smaller than its width
dimension, an analytical model can be presented where the overlapped region between the slider
and the electrodes can be treated as a parallel-plate capacitor without the edge effect involved.

With the triboelectric charge density of -6 on the PTFE surface, the non-overlapped regions on
electrode A and electrode B (regions 1 and 5) show an induced charge density of . Assumed that
the no net charges on electrodes in open-circuit condition, the induced charge density on
overlapped region (region 2 and 4) can be expressed as

x
P =0 (S
Xy —X
x— (82)
Pap = —o——£_
Xo—X+g

where xo represents the width of slider and electrode of stator, x represents the sliding distance
from the initial position, and g represents the gap between two interdigital electrodes of stator,
respectively.

Based on the law of conservation of charge, the charge density on different regions of slider can
be expressed as

X X,
Prg =0 +0 =0 (S3)
X, —X X, —X
— S4
Pus=0+0 T8 N (549
Xo—X+g X,—x+g

The electric field within PTFE film for region 2 and 4 can be expressed as
B o2 X
E4E, Xy —X

c  x-g (S6)

EyE, Xy—X+g

(85)

E, =-

4

where ¢ is the dielectric constant of the vacuum, and & is the relative dielectric constant of PTFE,
respectively.

Then the potential difference between the slider with two electrodes can be expressed as



d.
U,-U,==2. = (S7)

£48, Xy—X

_do x-g (S8)

EyE, Xo—X+g

US _UB

where d is the thickness of PTFE film.

The slider is an equipotential body, thus the potential difference between two electrodes (Voc) can
be expressed as

do x- do x d-o xX— X
VOC :UA _UB = . g — . = [ g _ ] (S9)
88, Xy —X+g &€ X=X & \X,—x+g X,—Xx

r

Specifically, when x approaches 0, g, xo, and xo + g, only small overlapped area occurred with
electrode and the assumption of parallel-plate capacitor is not applicable anymore. Therefore, it is
essential to derivate the Voc at initial and final positions.

At initial state (x = 0), where the slider fully overlaps with electrode A, the charge density at the
contact interface of electrode A and electrode B is ¢ and -o, respectively. Then the electrical
potential of electrode A and electrode B with an infinitely far position as zero-potential reference
can be expressed as

d-o
Ujy=— (S10)
&4,
. S11
u, =47 (S1D)
&€,
Thus, Vocr at the initial state is
d-o
Voar =U,=Ug =2- (S12)
£4E,

With same derivation, the Vocr at the final state (x = xo + g) can be expressed as

d-o
Vocr =U, Uy ==2- (S13)
48,
Therefore, the peak-to-peak value of Voc is
d-o
Voc =Voer =Vocr =4 —— (S14)

8,6

r



Note S2. Model and theoretical analysis of the FTENG under short-circuit condition

The basic model of FTENG in short-circuit condition with external load is shown in fig. S5B,
where all layers own an in-plane length w. Assumed that only a small region of dx in PTFE film
surface contains the triboelectric charges with the density of o, the correspondingly total charges
on electrode A and electrode B are owdk. The total charges on electrode A and electrode B in short-
circuit condition can be expressed as

o-w-dx

14 E ) (S15)
C,(x)

o-w-dx (S16)
C,(x)
Cy(x)
where Ci(x) represents the capacitance between this small surface and electrode i.

Because of the superposition principle of electrostatic field, the total charge of two electrodes can
be obtained by integration

dQ, =

dQ, =

1+

Q oW Xo dx
e G (817)
C,(x)
% odx (S18)
O,=0-wW| ————
' "1+ €4(x)
Cy(x)
The transferred charge (QOsc) in short-circuit condition can be shown as
% o-w-dx 5 o o-Ww-dx
QSC:QB_QA:IO _Io
H[CA(x)j H[CB(x)j (S19)
CB (.X) X=xy+g CA (x) x=0

When x =0, the PTFE film is much closer to electrode A than electrode B, and the ratio Cs(x)/Ca(x)
is close to 0. Then Qa will be approximately owxo and Op will be approximately 0.

When x = g + xo, the ratio C(x)/Ca(x) is close to infinity, and Oa will be approximately 0 and Os
will be approximately owxo.

Therefore, Osc can reach owxo during the one sliding process. The change of the ratio of these two
capacitances with the change of x is the core-working principle of FTENG.



Table S1. Comparison of currently reported wearable TENGs.

Working Mode Size (cm?) Material preparation Position Output Power density Sampling rate Durability Washability — Ref.
Contact-separation 4*4 Weaving process Wrist 150 V, 1.5pA 85 mW m?2 1-5Hz 50,000 Washable 41
Contact-separation 6*4 Weaving process Waist 498V, 37.2 uA 33.16 mW m2 0.4 Hz 1,000 Washable 42
Contact-separation 45%4 Weaving process Arm 45V, 9.9 pA 263.36 mW m?2 0.5-5Hz 1,500 Washable 43
Contact-separation 6*8 Weaving process Hand 206 V, 1.5 pA 30.4 mW m2 1Hz 10,000 Washable 44
Contact-separation 1.4 Inkjet printing Shoe 548V, 1.2 pA 126 mW m2 0.75-4 Hz 500 N/A 45

Lateral-sliding 2*5 ICP etching Knee 241V N/A 0.7 Hz 1,000 N/A 46
Single-electrode 4.5*10.5 Drop coating Arm 70V, 28.35 pA 500 mW m2 1-4Hz 3,600 N/A 47
Single-electrode 6*3 Blade coating Wrist 180V, 22.6 pA 4.06 mW m2 05-25Hz 200 N/A 48

Freestanding 12*8 Weaving process Side torso 118V, 1.5 pA N/A 1-5Hz 15,000 N/A 49

Freestanding 5.78*3.78 FPCB technique Side torso 248V, 42.3 pA 415.9 mW m2 0.5-3.3Hz 20,000 Washable  This work




Table S2. Comparison of TENG-powered wireless sensor systems.

Power source  Working mode  Working condition Charging period External power Sensing signal Data Wearable Ref.
Air flow Freestanding 100 pF, 8V N/A Yes Wind speed Bluetooth No 50
Air/water flow  Contact-separation 1mF,5V 40 min No pH Bluetooth No 51
Air flow Freestanding 10 mF, 3.3V 98s No Temperature RF transmission No 52
Water flow Freestanding 1mF, 3.3V 60 min No Temperature RF transmission No 53
Air flow/light ~ Contact-separation 100 mAh, 2.7 V 540 s No Temperature RF transmission No 54
Human motion Freestanding N/A 45 min No Heart rate Bluetooth Yes 55
Human motion  Contact-separation N/A N/A Yes Ca?* RF transmission Yes 56
Human motion Freestanding 242 yF, 3.5V 60 s No pH & Naz* Bluetooth Yes This work
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